Infrared and Raman spectra of samples of poly(vinyl fluoride) (PVF) have been recorded. The vibrational spectra have been analyzed by means of normal-mode calculations. A force field was derived by using Zfluorobutane as a model compound. Crowder's force field for hydrofluorocarbons was employed as a starting point and subsequently refined in application to secondaty fluorides. A planar zigzag, syndiotactic single-chain model of crystalline PVF was submitted to be analyzed by this scheme. A comparison of observed infrared and Raman bands with frequencies calculated for syndiotactic PVF shows that PVF produced by conventional free radical polymerization has an atactic structure, supporting the "F-NMR results and conclusions reached by Koenig and Boerio. Band assignments in terms of atactic structure are proposed.
lattice saturation effects [93. Although the solubility of PVF would be expected to be less affected by tacticity than that of PVC, it is desirable to resolve analytical uncertainties related to this potential solubility factor by a solid state technique capable of studying both the ordered and amorphous regions of the sample.
Distinctions between different local configurations of a regular polymer chain can be made on the basis of normal-mode analysis of the vibrational spectrum, since the infrared and Raman bands, particularly in the 1500-700 cm-' region, are sensitive to those structures. However, to date, the reliability of normal-mode calculations for PVF has been limited by the lack of an available force field appropriate to the secondary fluorides. We are presently in a position to carry out normal-mode calculations for PVF by having available vibrational spectra of 2fluoropropane and 2-fluorobutane as well as their vibrational assignments. In this paper, we therefore present further experimental studies and the results of normal-mode calculations on PVF. We have recorded the infrared and Raman spectra of PVF. The polarized infrared spectra of oriented, and the Raman spectra of non-oriented PVF samples, have been obtained. In the normal-mode calculations, valence force constants have been transferred from the low-molecular-weight model compound, 2fluorobutane.
EXPERIMENTAL
Laboratory-generated samples of PVF obtained from DuPont were used. Infrared spectra were recorded on a Digilab Model FTS-60 FT-IR spectrometer. Oriented samples were obtained by stretching the film four times its original length. Polarized infrared spectra were obtained with the electric vector parallel and perpendicular to the stretching direction. Raman spectra were obtained with a Spec 1403 double monochromator equipped with holographic gratings. Spectra were excited by the 514.5~nm line of a Coherent Radiation 52 Argon Ion Laser and 90" scattering geometry was used.
NORMAL-MODE CALCULATIONS OF MODEL COM-POUNDS

Derivation of the force field for secondary fko-?idf?S
Although secondary hydrocarbon chlorides, bromides, and iodides have been extensively investigated spectroscopically [lo-161, only a few studies have reported on secondary fluorides . The infrared spectrum of 2fluoropropane has been recorded by Griffiths et al. [19] in the vapor state and in CS, solution, and a very approximate qualitative description of the vibrational modes has been made. The vibrational spectra were also obtained for 2-fluoropropane and 2fluorobutane by Crowder et al. [17, 18] , and vibrational assignments of these two materials were made with the aid of normal coordinate calculations. However, force constants were not given, and the potential energy distribution was reported only for 2-fluoropropane. We approached the task of obtaining an accurate force field for secondary fluoride by the method described here. A set of force constants for primary fluorides was available [20, 21] , which required only a few additional constants to make it suitable for secondary fluorides. A reliable valence force field has also been published for saturated hydrocarbons [22, 23] . The force field constants in this potential function were transferred, where applicable, to 2-fluorobutane.
These combined sets of force constants were used to fit the frequencies in the 200-1200 cm-i region reported by Crowder 1171, for the three conformations of 2-fluorobutane. The final set of force constants is given in Table 1 . Figure 1 presents the 2-fluorobutane molecule with its internal coordinates and Fig. 2 shows the possible conformations and their nomenclature. The full roster of coordinates used in the normal-mode calculations are listed in Table 2. In  Table 3 are given the calculated frequencies and potential energy distributions for the three conformations of this molecule. A detailed compari- son of observed and calculated frequencies is difficult because of the presence of three isomers in the liquid. However, the availability of published data on both liquid and solid forms of 2-fluorobutane permits certain inferences to be made based on observations of the effect of decreasing temperature on the spectrum of the material. Table 4 lists observed frequencies for solid and liquid 2-fluorobutane with calculated frequencies of the three isomers (S,, SC,,, and S,,,,,) shown in Fig. 2 . We have assigned those bands which decrease in intensity in the solid state to the S, and Shh, conformations. Since the frequencies calculated for the S, conformation fit the observed solid state frequencies better than those calculated for S,, the solid state spectrum has been assumed to be accounted for mainly by the S, conformation. From the potential energy distribution indicated in Table 3 , the most interesting parts of the spectra are the essentially delocalized frequencies of the C-F stretching modes. This result contrasts with other carbon-halogen stretching frequencies in primary and secondary alkyl halides. Crowder's results on primary and secondary fluo- rides showed the same phenomena. A study of Table 4 indicates that the fit between calculated and observed frequencies below 1200 cm-' is quite satisfactory. On the other hand, the fit in the region above 1200 cm-' grows increasingly poorer with increased wavenumber. Problems with the force field related to this region are present, but it can be said that the force constants represent the best derivable fit to the available data. In order to have a more reliable force field for secondary fluorides, both infrared and Raman data for 2-fluoropropane and 2-fluorobutane are required. The resulting force field should additionally be tested on other related model compounds, such as 3-fluoropentane and 2,4_difluoropentane.
RESULTS AND DISCUSSION
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NORMALMODE ANALYSIS OF IR AND RAMAN SPECTRA OF PVF
Therefore, although the present force field cannot be considered totally
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HlO H13 H14 \I \ / general in application to secondary fluorides, it represents a starting point on which to build, and should be capable of lending insight to the interpretation of the vibrational spectra of this class of ,c6*c1,",3+s/ /\ /\ compounds. In particular, we feel that its applicaFl H0
tion to the analysis of the spectra of poly(viny1 Fig. 3 . Structural unit of syndiotactic PVF, with atom numberfluoride) is justified.
ing.
NORMAL-MODE CALCULATION OF PVF
The normal-mode calculations were done on a single chain for the stereoregular and regioregular structures, i.e., no interchain forces are considered. Although the classical approach to the vibrational analysis of polymers in terms of an infinite chain mode with perfect chemical, stereoregular and conformational structures is not valid for real polymers, the vibrational analysis of a disordered material can be more easily performed if the vibrational spectrum of the infinite perfect model is well known and is used as a reference point in the comparison.
The structural parameters used were the same as for the secondary fluorides. The bond angles were assumed to be tetrahedral. Cartesian coordinates were calculated for the planar zigzag structures of the isolated syndiotactic PVF chain. The symmetry coordinates, constructed from the internal coordinates defined in the standard way (Table S) , are listed in Table 6 with numbering of atoms shown in Fig. 3 . The force field for the single chain was the same as that used for secondary fluorides. The calculated frequencies are compared with the observed in Table 7 in which the assignments of the bands based on the calculated potential energy distribution are also given.
RESULTS AND DISCUSSION
For atactic poly(viny1 fluoride), all the spectrally active vibrational modes occur both in the infrared and Raman spectra. Planar syndiotactic PVP has a symmetry isomorphous with the factor group C,, [4] . The normal modes for the planar syndiotactic structure are distributed among the species as Raman and infrared active (A,, B,, B,) modes and only Raman active A, modes [24] . PVF with a planar isotactic structure has a symmetric isomorphous with the factor group C,. The normal modes for this isotactic structure may be divided among the symmetry species as A' (in phase) and A" (out of phase). All vibrations are active in both the infrared and Raman spectra. The symmetry analysis indicates that only syndiotactic placements lead to differences in infrared and Raman selection rules in PVF.
Polarized infrared spectra of the oriented PVF film are shown in Fig. 4 and the Raman spectrum is shown in Fig. 5 . The observed infrared and Raman frequencies are listed in Table 6 and compared with calculated frequencies of the syndiotactic structure. In this table we listed only modes in the 1500-700 cm-' region. Analysis of Figs. 4 and 5 with Table 7 indicates that some Raman bands desire special consideration, among them are the bands at 1150 cm-i and at 1436 cm-'. As assigned by Koenig and Boerio [2] , these bands may correspond to infrared bands at 1144 cm-'. However, the band at 1144 cm-', which was assigned as v(CF), should be weaker in the Raman than in the IR spectrum, which is the opposite of the observed.
TABLE 6
Symmetry coordinates for syndiotactic poly (viny1 fluoride) (C,, symmetry mode which contains the larger contribution from the C-F stretching mode, though it is usually assumed as a representative of the C-F stretching in the empirical assignments. If we consider the observed band at 1144 cm-' having a potential energy distribution, v(CF) will be contributing mainly in the IR and y,(CH,) in the Raman so that we can explain the behavior of the Raman 1150 and IR 1144 cm-' bands in the observed spectra. In addition, the three infrared active species, A,, B,, and B, should have parallel dichroism when the molecular chains are oriented along the stretching direction. As shown in Table 7 , however, the observed parallel bands do not correspond to calculated B, frequencies. They thus provide additional support for the atactic configuration in the crystal structure of PVF. In order to have more conclusive evidence, however, we need a more precise force field from additional model compounds like di-and eso-2,4_difluoropentane, and 2,4,6-trifluoroheptane. We turn now to an approximate normal coordinate analysis of the spectra of PVF based on the atactic model of the chain configuration.
ASSIGNMENTS OF BANDS IN THE SPECTRUM OF POLY(VINYL FLUORIDE)
Before discussing the assignments of the bands in the infrared spectrum of PVF it is appropriate that we consider what frequencies may be expected to appear. For molecules with any appreciable symmetry this can be done by means of a group theoretical approach. In the present case the uncertainty in structure occasioned by the random location of the fluorine atoms does not make the group theory analysis particularly useful. We will therefore begin by classifying the normal modes of the molecule in terms of the separable modes of component groups in the chain. Later it will become more evident to what extent we may consider the modes to be separable and what influence neighboring chain interactions can be expected to have on the spectrum.
It seems reasonable to choose the monomer unit -CH,-CHFas the fundamental spectroscopic unit, since, although two types of such units occur (depending on the position of the F), these are essentially independent of each other as a result of their random location in the chain. We therefore do not expect that interactions between these two types of units will give rise to any new frequencies in the spectrum.
With this assumption we expect 3 x 6 -4 = 14 normal modes of the -CH,CHFgroup in the polymer chain. In terms of separable modes of the component groups, the frequencies will be distributed as follows: 6 CH, (2 stretching, bending, wagging, twisting, rocking), 3 CH, 3 CF (each consisting of a stretching plus 2 bending modes, one perpendicular to the chain axis and one parallel), and 2 CC (skeletal vibrations).
The vibrational assignment of PVF in terms of the atactic model is attempted below. The vibrational analysis is based on the infrared polarization and Raman data, and on the comparison with the normal coordinate analysis data of model compounds 2-fluoropropane and 2-fluorobutane.
For the head-to-head defect structure, the infrared data 173 of isoregic PVF is used.
(1) Carbon-hydrogen stretching modes. Three bands are expected for the atactic structure: v(CH), v,(CH,), and v,(CH,) which are the typical localized modes. The asymmetric and the symmetric v(CH,) can be assigned to the perpendicular bands at 2969 and 2932 cm-', respectively, which have the proper polarization and frequency. However, an explanation of the disappearance of the band at 2969 cm-' in the Raman spectrum is puzzling because the asymmetric CH, stretching vibration should be also Raman active due to its change of polarizability ellipsoid during the vibration. The assignment of the v(CH) is difficult due to its low intensity as occurs in other vinyl polymers. The band at 2861 cm-' is due to the isolated ethylene molecules in the tail-to-tail portion of polymer. This assignment is based on (a) the absence of such a band in the spectrum of isoregic PVF and (b) the presence of a similar band in polyvinylidene fluoride [25] .
(2) CH, deformation modes. Examination of potential energy distribution in the normal coordinate calculation for 2-fluorobutane suggests that only bending [S(CH,Il and rocking [r,(CH,)I modes can be regarded as localized deformation modes ( Table 3) .
The assignment of the 6(CH,) to the 1426 cm-' is based on the proper polarization (perpendicular) and presence of such a mode in the frequency range of the model compound (2-fluorobutane). The very high dichroic ratio and disappearance of this band in the molten state suggests its origin to an ordered structure with a localized mode. Normal coordinate analysis of syndiotactic PVF shows no coupling of this mode so a localized mode can be accepted.
The strong perpendicular band at 831 cm-' can be undoubtedly assigned as a y,(CH,) mode. Normal coordinate analysis of 2-fluorobutane and syndiotactic PVF supports this assignment as a localized mode.
The bands at 1444 and 760 cm-i are due to the tail-to-tail structure because of their absence in the spectrum of isoregic PVF. Although normal-mode analysis of model compounds such as 2,5_difluoroheptane is required, these bands can be assigned with some confidence as G(CH,CH,) and .y,(CH,CH,), respectively. The fact that its polarization properties are the same as those of the two neighboring localized bands [6(CH,) and -y,(CH,), respectively], supports these assignments.
The assignment of the remaining deformation modes is difficult due to extensive coupling. Infrared polarization, the intensities of the infrared and Raman spectra, and the general frequency positions from normal coordinate analysis of model compound and syndiotactic PVF are helpful in assigning bands.
The band at 1410 cm-i shows a relatively high parallel dichroism indicating that it is predominantly a y,(CH,) mode. However, the disappearance of this band in the Raman spectrum is unexpected because carbon-fluorine stretching modes are not in this region.
We have a reasonable suggestion for the location of the y,(CH,) mode. Although this mode is predicted to be very weak in the infrared spectrum, the normal coordinate analysis of 2-fluorobutane and syndiotactic PVF and Raman data suggest that this mode contributes predominantly to the Raman band at 1150 cm-'. As discussed, this mode is strongly mixed with the v(CF) mode. The Raman band at 1302 cm-i can also be assigned to the y,(CH,) mode which is absent from the infrared spectra.
(3) Carbon-fluorine stretching modes. One of the most striking characteristics of infrared spectra of fluorinated organic structures is the strong intensity of the carbon-fluorine stretching vibrations. It is due to the fact that the stretching vibrations of highly polar linkages are associated with high infrared intensities due to the changes in the permanent dipole moment. The intensities of the Raman lines, which are governed by changes in the induced dipole moment during vibration, are in contrast low for these vibrations and are thus not a distinguishing feature of the spectra. A second important aspect of the infrared spectra of carbon-fluorine stretching vibrations is the possibility of coupling (notable with skeletal stretching), which prohibits its providing unique group frequencies and results in very complex absorption patterns. In spite of the above facts, we will attempt to make assignments for bands involving carbon-fluorine stretching modes based on the normal coordinate analysis of 2-fluoropropane [Ml and 2-fluorobutane and on the relative intensities of infrared and Raman spectra.
In 2-fluoropropane, the v(CF) modes lie within the range 1264-819 cm-'. According to.our work on 2-fluorobutane, this mode falls in the 1142-892 cn-r region, respectively. Therefore, the perpendicularly polarized bands at 1144, 1033, and 888 cm-' can be assigned to the modes involving v(CF). A comparison of the intensities in infrared and Raman spectra with the required polarization supports these assignments. For the band at 888 cm-', it is believed to be coupled strongly with the v(E) mode. The fact of the strong intensity in infrared and the weak in the Raman band at 1033 cm-r suggest that this band is predominantly the v(CF) mode. As discussed, the band at 1144 cm-' can be assigned to contributions from the y,(CHJ and v(CF) modes.
(4) Carbon-fluorine deformation modes. There is little doubt that the two bands at 450 and 402 cm-' can be assigned to r,(CF) and y,(CF) which have the proper polarization and frequency. Normal coordinate analyses of 2-fluorobutane and syndiotactic PVF support these assignments.
(5) Carbon-carbon stretching and carbon-hydrogen deformation modes.
The assignment of the remaining bands is more difficult due to extensive coupling of the modes and the lack of data from deuterated polymers. The above mentioned studies on carbon-carbon frequencies of small molecules and syndiotactic PVF show that the v(CC) modes occur in a broad frequency range; that is, these are delocalized modes. Therefore, it is hard to make unambiguous assignments of the v(CC> modes of PVF. However, the fact that an intense Raman band arises from bonds having nearly symmetrical charge distributions such as C-C can lead to a fairly reliable assignment of this mode. Although couplings are expected, the y,(CH) and -y,(CH) modes occur in fairly restricted frequency ranges, around 1200 and 1300 cm-'. The group of bands at 1232 and 1249 cm-' and at 1354 and 1367 cm-' are proba- 
